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1. Introduction

For the 100 Areas Remedial Investigation/Feasibility Study (RI/FS) process, the calculated soil screening
levels (SSLs) and preliminary remediation goals (PRGs) represent the maximum quantity, whether soil
concentration or radionuclide activity, of a contaminant that can remain in the vadose zone without
causing an exceedance of standards. SSL and PRG values for a particular contaminant depend on a
number of key factors. These include, among others, individual waste site characteristics including
contaminant mass loading, distance to the water table, the land use scenario and the associated net
infiltration (recharge) rate, vadose zone hydrostratigraphy and its physical and hydraulic characteristics,
and contaminant chemistry.

In calculating SSLs and PRGs, in the absence of sufficient data to determine the subsurface extent of
contaminants at individual waste sites, the contaminated interval is assumed to be the entire vadose zone
thickness below the waste site. This can, however, be an overly conservative assumption for many of the
100 Area waste sites. In this report, site characterization data from the deep boreholes specified in the RI
Work Plans for those 100 Areas waste sites where large volumes of liquid wastes were discharged to the
vadose zone are used to assess this conservatism. It should be noted that the deep borehole measurements
targeted in the RI Work Plan were identified with a bias towards locating contaminants throughout the
vadose zone and targeted areas at or near the waste sites.

Contaminant distribution coefficients (K;’s) describe the partitioning of the adsorbed phase concentration
to its dissolved phase concentration. The focus of this report is on the extent of vertical distribution of
analytes that are known to be relatively less mobile (such as lead, arsenic and mercury) within the vadose
zone under the near neutral pH and oxygenated conditions present in the vadose zone within the River
Corridor portion of the Hanford Site. The characterization data presented in this report suggest that, for
these analytes that are less mobile within the vadose zone, the soil column is not uniformly contaminated
from the waste site to the water table. For incidents where a deep measurement indicates an elevated level
for the high K4 contaminant, this report provides the plausible conceptual site models for these
occurrences.

Section 2 provides a background of the 100 Areas, its characteristics and the important role they play in
developing plausible conceptual models for the high Ky contaminant transport. Section 3 provides, for the
recently drilled RI/FS boreholes, the composite vertical distribution of concentration profiles for high K
analytes. Section 4 presents the detailed data for individual RI/FS borehole locations. Section 5 presents
three plausible conceptual models to help explain the deeper than expected location within the vadose
zone for the high K analytes. Section 6 provides the concluding remarks.
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2. Overview of 100 Areas Vadose Zone

This section provides a brief discussion of the 100 Areas vadose zone including its hydrogeologic
framework, nature and extent of contamination during reactor operations, and migration potential for
nonreactive (mobile) and reactive (relatively immobile) contaminants. The stream-aquifer interaction and
its relevance to vadose zone contamination and the importance of preferential flow are discussed. The 100
Avreas vadose zone characteristics and the behavior of similar reactive high K, analytes provide guidance
on the development of postulated conceptual models for high Ky contaminant transport considered later in
Section 5.

The average thickness of the vadose zone in the 100 Areas ranges from 6 m (100-F Area) to over 30 m
(100-B/C Area) with each reactor area being slightly different. The large volume of liquid discharges
during operations created water table mounds 6 to 9 m above the nominal water table under the retention
basins and other liquid disposal facilities (PNNL-14702, Vadose Zone Hydrology Data Package for
Hanford Assessments). The groundwater mounding reduced the thickness of the vadose zone during
operations.

The hydrogeologic framework of the vadose zone is complex; however, locally within the 100 Areas, it
can be divided into two primary hydrostratigraphic units: (1) the gravel-dominated facies association of
the Hanford formation and (2) the conglomeratic member of Wooded Island, Unit E, of the Ringold
Formation (PNNL-14702). The Ringold Formation makes up the lower portion of the vadose zone at the
100-K, 100-N, and the 100-D Areas (Figure 2-1). It is only partially present in the 100-B/C Area and
absent in the 100-H and 100-F Areas. The Hanford formation extends from the surface to just above the
water table where the Ringold Formation is present. The Hanford formation extends beneath the water
table and makes up the unconfined aquifer in the 100-H and 100-F Areas. The relatively thick Ringold
upper mud (RUM)/basalt constitute the lower boundary (Figure 2-1).

The Ringold Formation Unit E is fluvial deposited pebble-to-cobble gravel with a sandy matrix. It is
characterized by complex interstratified beds and lenses of sand and gravel with low to moderate degrees
of cementation. As illustrated in Figure 2-2, the gravel-dominated facies of the Hanford formation is
generally composed of uncemented, clast-supported pebble, cobble, and boulder gravel with a poorly
sorted silty sandy matrix and minor sand and silt interbeds or stringers. It occasionally exhibits an open
framework texture with little or no matrix. The physical and hydraulic properties for the 100 Areas
vadose zone sediment samples vary widely, reflecting the heterogeneity of the vadose zone. These data
are described in the vadose zone flow parameters catalog for the 100 Areas (SGW-46279, Conceptual
Framework and Numerical Implementation of 100 Areas Groundwater Flow and Transport Model).

The contact (Figure 2-1) between Ringold Unit E and the Hanford formation is important because the
saturated hydraulic conductivity for the gravel-dominated sequence of the Hanford formation is one to
two orders of magnitude higher than the more compacted and locally cemented Ringold Unit E. Because
hydraulic conductivity varies with the formation, different groundwater level responses may occur where
channels now filled with the Hanford formation have been scoured into the Ringold Unit E. These buried
channels can potentially function as preferential pathways for contaminated groundwater during high
river stages.

Results from the geochemical characterization studies in the 100 Areas show a contaminant zoning
(chromatographic) effect in the vadose zone (PNNL-14702). For radionuclides and inorganic
contaminants that are not adsorbed (i.e., tritium, nitrate), large releases of water, during reactor
operations, at retention basin and liquid waste disposal facilities quickly pushed these contaminants
through the vadose zone, into the unconfined aquifer, and subsequently out to the Columbia River.
BNWL-CC-2326 (Analysis of Travel Time of 1-131 from the 1301-N Crib to the Columbia River During

8
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Figure 2-1. Variability of Various Stratigraphic Units for the 100 Areas

Figure 2-2. Representative Gravel-dominated Hanford formation for 100 Areas
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July 1969) for example, using iodine-131 isotopic analysis, estimated the travel time to the Columbia
River from the 1301-N (116-N-1) liquid waste disposal facility to be approximately 10 days during active
disposal (a distance of some 225 m).

Because highly sorbed contaminants are the focus of this report, it is worth noting the observed vadose
zone migration behavior of other high K analytes in 100 Areas. Contaminants that show moderate
adsorption such as strontium-90 show a differential distribution (i.e., chromatographic zoning) within the
vadose zone (PNNL-14702). PNL-10899 (Strontium-90 Adsorption-Desorption Properties and Sediment
Characterization at the 100-N Area) examined characterization data from 12 boreholes within the 100-N
Area and found that strontium-90 in the vadose zone is bound to sediment directly underneath the liquid
waste disposal facilities in a relatively thin layer at depths that correspond to the elevated water table
formed during operations. Contaminants with strong adsorption (i.e., high Kg) such as cobalt-60,
cesium-137, and plutonium-239/240 remained within 1 m of the bottom of the disposal facility.

A complicating aspect of release of contaminants from the vadose zone in the 100 Areas is the seasonal
and diurnal fluctuations of the Columbia River (Figure 2-3). A high river stage can cause the water table
to rise into vadose zone sediments containing higher concentrations of contaminants. Additionally, the
chemistry changes within the periodically rewetted zone (PRZ) caused by the constant re-wetting of the
soil due to diurnal and seasonal fluctuations could affect the release of contaminants from the vadose
zone. This aspect of interaction among the river, aquifer, and the vadose zone is considered in postulating
a conceptual basis for the deeper than expected location for high K, analytes.

pAlso, as discussed in Section 5, colloid formation and colloid-facilitated transport are noted as potential
mechanisms for the deep penetration of high K, analytes. In general, under saturated flow conditions, the
potential exists for formation of colloids and their migration. Under unsaturated conditions, however, due
to the low water content and significant filtration at the air-water/solid interfaces, conditions are generally
not conducive to colloid formation or colloid-facilitated transport. Nonetheless, Hanford waste sites that
received large-volume discharges or highly concentrated wastes, conditions may have existed for both
colloid formation and colloid-facilitated transport. The formation of colloids and occurrence of colloid-
facilitated transport of contaminants were identified in the tank farm vadose zone by a DOE-RL Expert
Panel as potentially an important process affecting vadose zone transport (DOE/RL-97-49, TWRS Vadose
Zone Contamination Issue, Expert Panel Status Report). Field data, however, are insufficient to
adequately characterize the potential for colloidal transport. Various interacting mechanisms might be
involved simultaneously during colloid transport, but their importance depends on the chemical and
physical properties of the colloids and transport media as well as the environmental conditions. These are
discussed in Section 5, in the context of developing conceptual models.

A variety of preferential flow pathways such as macropores and discontinuities are capable of
concentrating or contributing to preferential flow phenomena as well as fingering and funnel flow
(DOE/RL-97-49). Preferential flow has been recognized and widely studied under saturated or
near-saturated flow conditions (Nkedi-Kizza et al. 1983; De Smedt and Wierenga 1984). Preferential flow
is less of an occurrence for arid and semiarid climates or under low water fluxes, particularly where soils
are coarse-textured and gravel-dominated, such as those in 100 Areas vadose zone (Figure 2-2). Under
natural recharge conditions, precipitation at arid sites is usually too low (in relation to saturated hydraulic
conductivity) to invoke preferential flow; much of the water in the dry soils is simply adsorbed onto the
grain surfaces as film flow and cannot move along preferred pathways (Figure 2-4). In the context of
conceptual models for highly sorbed contaminants, flow through macropores and the potential
development for preferential flow is discussed in Section 5.

10
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Figure 2-3. Schematic lllustrating Columbia River, Aquifer and Vadose Zone Exchange Flow for 100 Areas
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Source: Wang and Narasimhan (1985)

Note: The expanded vertical slice illustrates the fact that under unsaturated conditions and low recharge, the
bulk flow bypasses the pathway formed by larger pore sizes (i.e., macropores) and essentially follows the
pathway formed by the smaller pore size network. The large, open spaces in the figure mimic macropores
such as those existing for 100 Areas gravelly media.

Figure 2-4. Schematic lllustrating Unsaturated Flow Conditions for Low Fluxes in Coarse-textured Gravelly
Media

12
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3. Composite Vertical Distribution of High K4 Contaminants

As was discussed earlier, the borehole measurements targeted in the RI Work Plan were identified with a
bias towards locating contaminants throughout the vadose zone and targeted areas at or near the waste
sites. A detailed description of data for individual boreholes is presented in Section 4. Here we present a
summary of the composite set of measurements for lead, arsenic and mercury for 100-F, 100-H, 100-D,
100-K, and 100-B/C Areas.

Figure 3-1 through Figure 3-5 illustrate the vertical distributions of vadose zone lead measurements for
100-F, 100-H, 100-D, 100-K, and 100-B/C Areas, respectively. As indicated, the figures show the
composite representation based on one-time measurements for the boreholes. Also indicated in these
figures are the background concentration levels for lead. The vertical axis represents the fraction of depth
calculated as the depth of measurement divided by depth to water table. Note that a line connecting two
markers in these figures do not necessarily represent a continuous contamination between the two
sampling locations; in many cases, there are non-detects that occur between these locations.

As expected, because of the high Ky and low mobility, the bulk of the measurements are in the shallow
vadose zone (Figure 3-1 through Figure 3-5). However, some of the measurements which are above
background lie in the deeper portion of the vadose zone (i.e., close to the water table). Three plausible
models are conceptualized to explain the deep penetration for the apparently immobile high Ky
contaminants; these are discussed in Section 5.

Figure 3-6 through Figure 3-10 illustrate the vertical distributions of vadose zone arsenic measurements
for 100-F, 100-H, 100-D, 100-K, and 100-B/C Areas, respectively. The bulk of the arsenic measurements
(> 90%) are below background levels. Unlike lead measurements, high arsenic values above background
are sporadic within the vadose zone. Again, three plausible models are conceptualized to explain the deep
penetration for the apparently immobile high Ky contaminants; these are discussed in Section 5.

Figure 3-11 through Figure 3-15 illustrate the vertical distributions of vadose zone mercury measurements
for 100-F, 100-H, 100-D, 100-K, and 100-B/C Areas, respectively. The majority of mercury data show a
general trend of decreasing concentration with increasing depth below ground. Unlike lead and arsenic
measurements, the bulk of the mercury measurements are in the shallow vadose zone.

Figure 3-16 illustrates the partitioning of arsenic, mercury and lead measurements based on whether the
vadose zone sampling resulted in detectable or non-detectable values. Also shown are the fraction of data
which are above or below background levels for the three analytes. As indicated, bulk of the
measurements is below background for all three analytes.

13
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Figure 3-1. 100-F Area Lead Measurements
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Figure 3-2. 100-H Area Lead Measurements
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Figure 3-3. 100-D Area Lead Measurements
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Figure 3-5. 100-B/C Area Lead Measurements
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Figure 3-6. 100-F Area Arsenic Measurements
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Figure 3-7. 100-H Area Arsenic Measurements
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Figure 3-8. 100-D Area Arsenic Measurements
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Figure 3-9. 100-K Area Arsenic Measurements
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Figure 3-10.

100-B/C Area Arsenic Measurements
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Figure 3-11. 100-F Area Mercury Measurements
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Figure 3-12. 100-H Area Mercury Measurements
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Figure 3-13. 100-D Area Mercury Measurements
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Figure 3-14. 100-K Area Mercury Measurements
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Figure 3-15. 100-B/C Area Mercury Measurements
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4. Remedial Investigation/Feasibility Study Borehole Data

This section provides data for seven RI/FS boreholes including available information on operational
history for the nearest waste sites, borehole logs, and measurements. The concentration measurements in
these seven boreholes exceed lead, arsenic or mercury background levels:

o (7864
e (7691
e (7683
e (7689
e (7506
o (7843
o (7844

41 Borehole C7864 (100-H Area)

Figure 4-1 shows the borehole location. The nearest waste site is 116-H-1 (Figure 4-1) and that site has
been remediated and closed out. The waste site disposal trench was oriented in a north-south direction and
was divided into three separate lobes. The trench operated from 1952 until 1958, receiving mixed waste
effluent from the 116-H-7 Retention Basin during reactor shutdowns caused by fuel element ruptures. The
process effluent coolant received by this trench reportedly contained debris from fuel element ruptures.
Additionally, the trench received water and sludge removed from the 116-H-7 Retention Basin in April
and May 1965, during basin deactivation.

Figure 4-2 illustrates the borehole logging data. The lead, arsenic and mercury measurements for C7864
are shown in Figure 4-3, Figure 4-4, and Figure 4-5, respectively. A review of the pertinent data for
C7864 suggests the following:

e Waste site contamination is observed throughout the vadose zone based on chromium and
strontium-90 concentration data. [Note that the top 15 ft (4.6 m) has been remediated]

e A change in lithology occurs at about 32 ft (9.8 m) bgs from muddy sandy gravel to sandy gravel
(Figure 4-2).

e The water table is located at about 43 ft (13.1 m) bgs (Figure 4-2). The vadose zone is impacted
by PRZ smearing.

e The zone of high lead contamination is located just above the current water table (Figure 4-3);
this is the largest observed lead contamination among all 100 Areas.

e Batch leaching tests (Table 4-1) for three sampling depths close to the water table [39.5 -41.1 ft
(12.0 -12.5 m), 40.6-43.1 ft (12.4 -13.1 m), and 48.3-50.8 ft (14.7-15.5 m)] indicate that lead is
practically immobile and non-exchangeable. No significant leachate concentration was detected.

o Nearby boreholes as well as this borehole measurements do not indicate lead contamination in
groundwater.
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23




SGW-51818, REV. 0

LA

5

= LI T T T A T
T A g HHMSRR T
¢ 4 S S
._n_.m 8
P §i s :
5 ° 1
L e o
6 — -
W.M: v,_.m_H ...m ‘ ||||||||| - - - ]
8 B ..‘ i+ . ||....‘. - - - -
¥ ] g .. ll.|.lAi
o~ O = . ——
foboo] g e . < )
L B e : - .
| &, - — oo
4
o7l -
23R8
S EELS
~
. F o
E fzc
_m. ,.m_m.s._
\ﬁ'.
1 @1
m.ummmmﬂ E "
k] 5 mm q
£ |
mmhL B
1 i i
3_ E
D IFS I _
Ryiis g ° k
L3189 1 5
SE3 SR 3 ,m
giidi i o8
m_ﬁﬂﬁ 3
Hi & b+ X1 bttty
f1psyiss s
Efzigic)

Figure 4-2. C7864 Borehole Logging Data
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Figure 4-3. Borehole C7864 Lead Measurements
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Figure 4-4. Borehole C7864 Arsenic Measurements

25




SGW-51818, REV. 0

Mercury
Concentration, mg/kg
1.E-02 1.E-01
0.0 I '

|
10.0 !
|
Ei X |
0.0 {

= l '
s |
230.0 i

o

|
40.0 !
|
|
50.0 1

B « U

Detected Background - 90th
== == = Background - Max

1.E+00

Figure 4-5. Borehole C7864 Mercury Measurements

Table 4-1. Batch Leach Testing Results for Lead for Borehole C7864 Samples

Borehole #07864, Interval I-006

Soil Concentration [mg/kg)

Leachate Concentration [mg/L} Percent Leached per

licate #2 i #3 | Repli

#4 B28VH4-AL | B2BVHA-A2 | B2BVHA-B1 | B2BVHA-C1 Soil:Water Ratio

Estimated K, per
Soil:Water Ratio

Analyte B28VHa-2| 0 B28vH4 3| a[B28vHa4[olave| 11 [a] 11 [of 125 [a] 15 [of 1] 1 125 151111 {12515
Lead [ [ 204 [] 181 [ ] 308 | [230] 015 [u] o035 [ul o003 [u| o003 [u]<0.65]<065]<0.33]<0.65]>152|>152] »763 [>760
Byg = average Kz = distribution coefficient 0 = laboratory qualifier
B= analyte was Getected at less than the contract required detection limit but greater than or equal to the mirimum detection limit M/& = not applicable U =undetected
Borehole #(7884, Interval 107
Soil Concentration [mg/kg) Leachate Concentration [mg/L) Percent Leached per Estimated K, per
Replicate #2 | Replicate #3 | Replicate #4 B28VH7-AL | B2BVH7-BL | B2BVH7-BZ | B2BVHI-CL |  Soil:Water Ratio Soil:Water Ratio

Analyte

B28VH7-2|Q] B28VH7-3[a[B28VH7-4[Q)avg| 11 [a] 125 [a] 125 o] 15 [Q] 1 [125]1:25] 15

1:1 [1:25[1:25] 155

Lead

327 [»1640[>1640 1630

Borehole #(7864, Interval I-015

[ [ 276 [ | s22 [ | s20 | [#32] o015 [u] o03 [ul o003 [u| o003 [ul<031]<015]<0.15]<0.31
38.3-50.
Soil Concentration [mg/kg) Leachate Concentration [mg/L} Percent Leached per
#2 | Replicate #3 | Replicate #4 B28VKT-Al | B28VK7T-A2 | B2BVKT-B1 | B2BVKT-C1 Soil:Water Ratio

Estimated K, per
Soil:Water Ratio

Analyte

B28VK7-2|0] B28VK7-3| [ B28VK7-4[0]Avg| 11 O] L1 [o] 125 o] L5 (O] 11| 11 [125] 15

L1 11 [125] 15

Lead

149

922 |

520 | [e38

[FS

015 [u] 003 [U] 003 [U]<0.24]<024[<0.12[<0.24

>415]>425 [>2120p2120
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4.2 Borehole C7691 (100-K Area)

Figure 4-6 shows the borehole C7691 (199-K-191) location. The two nearest waste sites are 126-K-1 and
100-K-84 (Figure 4-6).

The 126-K-1 waste site has been reclassified as being rejected. The 100-K Gravel Pit was dug in the
1950s as a borrow pit that was used to obtain fill material needed during construction activities in the 100-
K Area. The site was later used in the 1970s through 1989 as an inert waste and demolition waste landfill.
The wastes consisted of predominantly concrete, wood, steel pipe, structural steel, conduit, wire, and
asphalt generated at 100-K and from closure of the Basalt Waste Isolation Project Near Surface Test
Facility at Gable Mountain and the Exploratory Shaft site. The inert/demolition waste was located in a 5 ft
(1.5 m) thick layer in the southwest corner of the gravel pit and was covered with approximately 1 ft

(0.3 m) of pit-run backfill. Approximately 80% of the gravel pit was unused as a landfill.

The waste site 100-K-84 consists of red stained soil. Five small areas were identified. Some of the
material appeared crushed while other pieces looked like "slag." Similar piles of material have been found
south of the 200 West Area, 100-B/C Area, and Riverland (McGee Ranch) Area. Crushed iron ore was a
component of the concrete used in reactor and other facility construction, as it provided additional
shielding. The material is highly magnetic.

Figure 4-7 illustrates the borehole logging data. The lead measurements for C7691 are shown in Figure
4-8 and correlation of lead measurements to other measurements is shown in Figure 4-9. A review of the
pertinent data for C7691 suggests the following:

e A change in lithology occurs at about 75 ft (22.9 m) bgs from muddy gravel to muddy sandy
gravel (Figure 4-7).

e The water table is located at about 72 ft (22.0 m) bgs (Figure 4-7).

e A zone of higher lead concentration is observed between 60-80 ft (18.3-24.4 m) bgs (Figure
4-8). The higher concentration at about 71 ft (21.6 m) bgs also corresponds with increase in
copper and antimony concentration (Figure 4-9).

e There is no evidence of waste site contamination; chromium and strontium-90 are near
background concentrations.
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Figure 4-6. Borehole C7691 (199-K-191) Location
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Figure 4-7. Borehole Logging Data for C7691
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Figure 4-8. Borehole C7691 Lead Measurements
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Figure 4-9. Correlation of Borehole C7691 Lead Measurements with Other Measurements

30



SGW-51818, REV. 0

4.3 Borehole C7683 (100-K Area)

Figure 4-10 shows borehole C7683 (199-K-183) location. The closest waste sites are 116-KW-3, and the
107-KW and 107-KW Retention Basins.

The 116-KW-3 waste site (Figure 4-10) has been remediated and closed out. The unit consisted of three
open-top, carbon steel tanks with steel bottoms. The tanks were 20 ft (6.1 m) apart. Decommissioning
activities included removal of large steel access plates. This site received cooling water effluent from the
105-KW Reactor for radioactive decay and thermal cooling prior to release to the Columbia River. Eighty
percent of the total radionuclide inventory is contained within the soil adjacent to the basin.

The 107-KW and 107-KW Retention Basins and their effluent lines developed leaks during their
operating life. The leak rate from the butterfly valves (that went to an adjacent trench) could have been as
high as 5,000 to 10,000 gal/min (18,930 to 37,850 £/min). Most of the basin leakage was diverted to an
open canal and discharged to the Columbia River.

Figure 4-11 illustrates the borehole logging data. The lead, arsenic and mercury measurements for C7683
are shown in Figure 4-12, Figure 4-13, and Figure 4-14, respectively. A review of the pertinent data for
C7683 suggests the following:

e The zone of high lead contamination corresponds with gravelly sandy mud lithology at ~53 to
65 ft (~16.2 to 19.8 m) bgs (Figure 4-8).

e A zone of higher lead concentration is observed between 55 and 62 ft (16.8 and 18.9 m) bgs and
corresponds with the zone of chromium contamination. Higher antimony concentration is also
observed (Figure 4-12).

e The water table is located at about 65 ft (19.8 m) bgs, and is affected by PRZ smearing.

e (7683 arsenic and mercury concentrations are below background (Figure 4-13 and Figure 4-14).

e The possible source of lead could be both natural and anthropogenic.
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Figure 4-11. Borehole C7683 Logging Data
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Figure 4-12. Borehole C7683 Lead Measurements
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Figure 4-13. Borehole C7683 Arsenic Measurements
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Figure 4-14. Borehole C7683 Mercury Measurements
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4.4 Borehole C7689 (100-K Area)

Figure 4-15 shows the borehole C7689 (199-K-189) location. The closest suspect contamination source is
the reverse well site 116-KE-3 (Figure 4-15). The site is part of the sub-basin drainage disposal system for
the 105-KE Fuel Storage Basin (100-K-42). The site includes the following components: a feed pipe, crib
structure, dry well, and test hole. The area of the site is cobble covered and posted with "Underground
Radioactive Material" warning signs. A mound of soil, installed in 1977 or 1978, is located nearby and
covers some of the ancillary units related to this site.

This site has several types of structures including an injection well and a drain field (crib). The
dimensions of the major features are: drain field 20 ft x 20 ft (6.1 m x 6.1 m), injection well 8 in (20.3
cm) in diameter by 78 ft (23.8 m) deep, crib structure 60 ft (18.3 m) x 60 ft (18.3 m) (estimated length) x
41 ft (12.5 m) deep. The fuel storage basin sub-basin drainage disposal system has been modified several
times over its operational history to improve the control of contaminated basin water disposal.

Figure 4-16 illustrates the borehole logging data. The lead, arsenic and mercury measurements for C7689
are shown in Figure 4-17, Figure 4-18, and Figure 4-19, respectively. A review of the pertinent data for
C7689 suggests the following:

A zone of higher lead concentration is observed between 40-60 ft (12.2-18.3 m) bgs (Figure 4-17)
and corresponds with chromium and strontium-90 contamination.

C7689 arsenic and mercury data are at or below background (Figure 4-18 and Figure 4-19).
The water table is located at about 75 ft (22.9 m) bgs.

The source of lead is most likely anthropogenic and perhaps originates from lead-cadmium rods
in the nearby burial ground.

The nearby reverse well (116-KE-3) that is up to 78 ft (23.8 m) deep could also be a possible
source of contamination.

The zone of contamination corresponds with the contact between the Hanford formation (sandy
gravel) and Ringold Formation (muddy sandy gravel) that occurs at about 40 ft (12.2 m) bgs
(Figure 4-16). A greater sorption within the fine-grained Ringold Formation probably resulted in
retention of contaminants at the contact and below.
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Figure 4-16. Borehole C7689 Logging data
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Figure 4-17. Borehole C7689 Lead Measurements
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Figure 4-18. Borehole C7689 Arsenic Measurements
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Figure 4-19. Borehole C7689 Mercury Measurements
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4.5 Borehole C7506 (100-B/C Area)

Figure 4-20 shows the borehole C7506 (199-B3-50) location. The closest waste site is 100-B-4 (Figure
4-20). The site is a rectangular area: 28 ft (8.5 m) east/west x 43 ft (13.1 m) north/south, and encircled by
large stones neatly stacked 1 ft (0.3 m) high. The surrounding area appears to have been a plowed field
that was cleared of large stones. A long line of similar rocks runs parallel to the perimeter road, between
the encircled area and the road. The site is distinguishable from the surrounding area only by the
arrangement of large stones and soil. The site was possibly associated with farming or some type of
military activity. The authors of the 100B Technical Baseline Report believed that the site may be the
remains of a building foundation.

Figure 4-21 illustrates the borehole logging data. The lead and arsenic measurements for C7506 are
shown in Figure 4-22 and Figure 4-23, respectively. A review of the pertinent data for C7506 suggests the
following:

o A zone of higher lead concentration observed between 60-90 ft (18.3-27.4 m) bgs (Figure 4-22).
e Antimony concentration is also higher (above background) at the same depth interval.

e The natural gamma count is high between 60-75 ft (18.3-22.9 m) bgs (Figure 4-21) indicating
higher clay content. A change in lithology from muddy gravel to sandy gravel is observed at
about 80 ft (24.4 m) bgs.

e The water table is at about 75 ft (22.9 m) bgs.

e There is no evidence of waste site contamination.
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Figure 4-21. Borehole C7506 Logging Data
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Figure 4-22. Borehole C7506 Lead Measurements
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Figure 4-23. Borehole C7506 Arsenic Measurements
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4.6 Borehole C7843 (100-B/C Area)

Figure 4-24 shows the borehole C7843 (199-B3-52) location. The closest waste sites are the 116-C-5 and
107-C Retention Basins. The Basins were constructed to hold cooling water effluent from the 105-C
Reactor to allow for thermal cooling and radioactive decay prior to release to the Columbia River. After
1954, the effluent from the 105-B Reactor was diverted to the basins because the 116-B-11 Retention
Basin had cracked and repair efforts were unsuccessful. Originally, only one tank was filled at a time
allowing the option for cooling water contaminated by a ruptured fuel element to be diverted to the
second tank. The practice of adding hot water to an empty, cold tank resulted in cracking of the tanks'
welded seams. After a series of repair efforts extending into 1958, parallel operation of the tanks became
common. The tanks were constructed of welded carbon steel and were set on a reinforced concrete
foundation with a crushed rock subfloor.

Figure 4-25 illustrates the borehole logging data. The lead, arsenic and mercury measurements for C7843
are shown in Figure 4-26, Figure 4-27, and Figure 4-28, respectively. A review of the pertinent data for
C7843 suggests the following.

e A change in lithology from muddy gravel to muddy sandy gravel occurs at about 29 ft (8.8 m)
bgs (Figure 4-25).

e (7843 lead and arsenic concentrations are below background.

e A zone of higher mercury concentration is observed at about 40-50 ft (12.2-15.2 m) bgs (Figure
4-28).

e Chromium and strontium-90 concentration data suggest that the waste site contamination is
prevalent throughout the vadose zone. [Note that this is a post-remediation borehole with clean
overburden; so no sampling was done above 30 ft (9.1 m)].

e The water table is located at about 48 ft (14.6 m) bgs.

e The anthropogenic source of mercury is likely derived from waste site discharge. Another
potential source of mercury could be contaminated sulfuric acid used during the operations.

e There is no mercury contamination currently in the groundwater.
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Figure 4-25. Borehole C7843 Logging Data
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Figure 4-26. Borehole C7843 Lead Measurements
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Figure 4-27. Borehole C7843 Arsenic Measurements
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Figure 4-28. Borehole C7843 Mercury Measurements
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4.7 Borehole C7844 (100-B/C Area)

Figure 4-29 shows the borehole location; 116-B-5 (Crib) site is the closet waste site. The site received
liquid tritium wastes from the 108 Building. Only wastes of less than 1 puCi/cm?® were discharged to this
unit.

In June 1995, the site was excavated as part of the 100-B/C Area Demonstration Project. Remedial action
was accomplished by excavating approximately 10,600 ft® (300 m®) of soil from the crib and demolishing
the concrete crib structure, leaving an open excavation approximately 112 ft (34 m) long x 26 ft (8 m)
wide x 16 ft (5 m) depth. The soils within and surrounding the crib were sampled and analyzed. The soils
from cells C and D containing levels of tritium above cleanup standards were taken to the Environmental
Restoration Disposal Facility (ERDF). All other soils sampled were within cleanup standards.

Figure 4-30 illustrates the borehole logging data. The lead, arsenic and mercury measurements for C7844
are shown in Figure 4-31, Figure 4-32, and Figure 4-33, respectively. A review of the pertinent data for
C7844 suggests the following:

o A zone of higher mercury concentration is observed from 15-65 ft (4.6-19.8 m) bgs (Figure 4-33).

e The chromium, strontium-90, tritium, TCE, and chloroform concentrations suggest waste site
contamination throughout the vadose zone. [Note that this is a post-remediation borehole with
clean overburden to ~15 ft (4.6 m)].

e The water table is at about 67 ft (20.4 m) bgs (Figure 4-30).

e The anthropogenic source of mercury is likely derived from waste site discharge. Another
potential source of mercury could be contaminated sulfuric acid used during the operations.

e There is no mercury contamination currently in the groundwater.
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Figure 4-29. Borehole C7844 Location
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Figure 4-30. Borehole C7844 Logging Data
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Figure 4-31. Borehole C7844 Lead Measurements
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Figure 4-32. Borehole C7844 Arsenic Measurements
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Figure 4-33. Borehole C7844 Mercury Measurements
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5. Plausible Conceptual Models

Before discussing plausible conceptual models, a brief discussion is presented on the 100 Areas lead-
cadmium sources. The physical and chemical heterogeneities that are important considerations in the
context of assigning Ky values for metals are also summarized.

5.1 Lead-Cadmium Burial Grounds.

The location of 100 Areas burial grounds which received the high Ky contaminants is shown in Figure
5-1. The estimated quantity of lead-cadmium used as “reactor poison” and disposed of in the burial

grounds in the 100 Areas is 1103 metric tons, of which up to 1059 metric tons are lead and 44 metric tons
are cadmium.

The lead-cadmium alloy used as reactor poison was in the form of a solid rod approximately 1.4 in (3.6
cm) in diameter by 6 in (15 cm) long. The rod was sealed in an aluminum can with a wall thickness of
0.035in (0.09 cm). A total of 38 canned pieces was laid end-to-end to form a process tube column of
poison. The word “poison” was used to describe the high neutron-absorbing characteristics of the column
(WHC-EP-0087, Estimates of Solid Waste Buried in the 100 Area Burial Grounds). Each piece weighed
3.36 Ib (1.5 kg). The alloy was composed of the elements shown in Table 5-1.
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Figure 5-1. Location of 100 Areas Burial Grounds (in red) which received Lead-Cadmium Poison Pieces;
Other nearby burial grounds are shown in green
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Table 5-1. Composition of Lead-Cadmium Poison Pieces

Element Percentage
Lead 95.88
Cadmium 3to4
Silver 0.020
Barium 0.001
Copper 0.080
Zinc 0.001
Iron 0.002
Bismuth 0.005
Tin, Antimony, and Arsenic 0.002

5.2 Media and Chemical Heterogeneities

Unlike non-reactive contaminants such as tritium, arsenic, mercury and lead are known to have a higher
K4 (DOE/RL-96-17, Remedial Design Report/Remedial Action Work Plan for the 100 Area), expected to
be relatively immobile, and have a long residence time within the vadose zone. However, as the data in
the preceding sections illustrate, a number of sediment samples located close to the water table exceed the
background concentrations for lead and arsenic. Three conceptual models are postulated to explain the
deeper than expected penetration for the metals.

Adsorption to mineral surfaces is typically the single most important geochemical process affecting
transport of contaminants in the vadose zone. It should be noted, however, that a constant value Ky
(distribution coefficient) approach is an empirical adsorption model. Also, the K4 value is a lumped
parameter and, as a result, neglects many of the chemical complexities of the adsorption process such as
saturation of adsorption sites and aqueous complexation. Because there are a finite number of adsorption
sites on the solid phases, adsorption will reach a practical upper limit. This can lead to erroneous results
when used to predict retardation of metal and radionuclide contaminants in systems with varying
chemical conditions (Bethke and Brady 2000; EPA/402/R-99/004A, Understanding Variation in Partition
Coefficient, Kd, Values: Volume I. The Kd Model, Methods of Measurement, and Application of Chemical
Reaction Codes).

In addition to chemical heterogeneities and complexities, significant physical heterogeneities exist for the
100 Areas vadose zone sediments (Figure 2-2). The K4 measurements are generally conducted on
Hanford Site sediment material that is <2 mm in size. For 100 Areas sediments that are gravel dominated,
Ky values are typically lower than those determined for sandy media (i.e., sediments with <2-mm size
material), because the surface area and the corresponding number of adsorption sites per unit mass is
much lower [PNNL-13037, Geochemical Data Package for the Hanford Immobilized Low-Activity Tank
Waste Performance Assessment (ILAW PA)]. As a result, it is necessary to make corrections to Ky values
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determined with <2-mm size material. For high K4 contaminants, Equation (1) is recommended (Kaplan
et al. 2000):

Kd(gc) = (- f)Kd (< 2mm)+ (f)0.23Kd (< 2mm) @
or, Kd(gc)=(@1-0.77f)Kd(< 2mm)

where Kd(gc) = gravel corrected Kd value,
f =weight fraction gravel, and
Kd (< 2mm) = Kd value obtained with <2 —mm material.

For the preceding reasons, the constant K4 model is best used to represent adsorption when contaminant
concentrations are low relative to the adsorption capacity and the variability in mineralogy and
hydrochemistry is minimal along the fluid flow path. The constant Ky model is not adequate for
representing adsorption in situations where spatial variability in mineralogy and hydrochemistry is
significant along the flow path.

5.3 Conceptual Model #1

As was discussed earlier, the deep borehole measurements targeted in the Rl Work Plan were identified
with a bias towards locating contaminants throughout the vadose zone and targeted areas at or near the
waste sites; i.e., the drilling as well as the sampling was biased towards capturing contamination within
the “hot spots.”

For the vadose zone measurements (Sections 3 and 4) for the high Ky contaminants, cable tool drilling
was used to drill the RI/FS wells in fiscal year 2011. As part of the review of the measurements, it is
investigated first whether it is appropriate, for the high K4 contaminants, to rule out any potential casing
contamination and subsequent “drag-down” towards the deeper vadose zone.

Figure 5-2 is one “hot spot” region in 100-H Operable Unit. In the early 1990’s, Limited Field
Investigations (LFIs) were conducted to characterize surface and near-surface contamination for the 100
Areas sediments. Figure 5-3 shows the measured data for lead contamination for the waste site 100-H-21,
which is located just outside the 100-ft (30.5-m) radius of the RI/FS borehole C7864 (Figure 5-2). The
highest measured near-surface sediment concentration for lead is about 750 mg/kg (Figure 5-3).

Figure 5-4 shows the measured vadose zone sediment concentration for lead in the RI/FS borehole
C7864. Also shown in the figure are the measured sediment concentrations for antimony and copper.
First, as discussed earlier, even though Ky is treated as a constant, in reality, the vadose zone physical
heterogeneities (e.g., variability of gravel content and variability of soil moisture contents) as well as
chemical heterogeneities (e.g., variable surface adsorption sites, variability of chemical conditions) result
in considerable variability of the distribution coefficient for a contaminant.

Figure 5-4, however, suggests otherwise. If porous media continuum flow and transport is what is driving
the contaminants, it is unlikely to have such a huge slug appear so close to the water table and line up so
perfectly with the co-contaminants at the identical depth of 41.1 ft (12.5 m) bgs for all three analytes. In
fact, Figure 5-4 suggests vadose zone transport of three analytes with an identical Kg, whereas, in reality,
even the constant K, values for the three analytes are different, because of physical heterogeneities and
chemical complexities. A chromatographic separation is thus expected during their movement through the
vadose zone. The Ky values for copper, lead, and antimony for sand-dominated media are 22, 30, and 45
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Figure 5-2. Borehole C7864 Location

mL/g, respectively (DOE/RL-96-17). However, for highly gravelly media (Figure 2-2) with an assumed
gravel fraction of 80 percent by weight, the respective gravel-corrected Kq4 values are 8.4, 11.5, and 17.3
for copper, lead, and antimony, for an assumed volumetric moisture content of 5 percent and a sediment
bulk density of 1.7 g/cm®. The respective retardation factors (i.e., ratio of porewater velocities for retarded
and unretarded species) for copper, lead, and antimony are thus 288, 393, and 589. Therefore, vadose
zone residence times or travel times for the three analytes are expected to be different with the copper
slug arriving earlier than the antimony slug and the lead slug lying in between. However, such a
chromatographic separation is clearly missing for the three analytes, even with the assumption of a
constant K, for the 100 Areas heterogeneous media with a transient chemistry. Rather, all three analytes
arrive simultaneously and exhibit considerably high concentrations at the identical depth of 41.1 ft

(12.5 m) bgs (Figure 5-4). Therefore, the potential of drag-down from casing contamination during cable-
tool drilling for the RI/FS borehole C7864 cannot be discounted.
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Figure 5-3. Lead Contamination Measurements for Waste Site 100-H-21
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Figure 5-4. Borehole C7864 Lead, Antimony and Copper Concentration Profiles
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5.4 Conceptual Model #2

Both Conceptual Models #2 and #3 rely on plausible colloid formation and mobilization. Mobile colloids
including mineral fragments are prevalent in the vadose zone porewater. The mineral fragments are
derived primarily from the buried waste as well as the soil itself, which includes an abundance of particles
in the colloidal size range, especially in fine-textured media. The colloidal size range is about 10 nm to

10 um. Three key features of the vadose zone can potentially play a significant role in colloid formation
or colloid-facilitated transport: (a) the presence of air-water interfaces, (b) transients in flow and
chemistry, and (c) sediment structure and heterogeneity.

In general, a plausible conceptual model is based on the scenario that lead could have been derived from
nearby lead-cadmium rods disposed in the burial grounds (Figure 5-1); it possibly migrated in colloidal
form because of the PRZ smearing with the water table being high and the invasion of a saturated pulse
within the vadose zone and then sorbed on to fine-textured media with the dissipation of the pulse.

The salient features of the Conceptual Model #2 for lead contamination, in particular, at borehole C7864,
for example, are described below:

A zone of high lead concentration is observed at about 40-45 ft (12.2-13.7 m) bgs. The high
concentration zone also corresponds with increase in copper and antimony concentrations.

The current water table is at ~43 ft (~13.1 m) bgs. The lead contamination zone is located above
but close to the current water table.

Potential source for lead could be the nearby solid waste burial grounds containing many tons of
lead-cadmium “reactor poison” rods — some of which may have undergone corrosion (pitting or
general corrosion) along with other metals and therefore provide source of colloidal particles that
are carried in suspension.

The burial grounds being ~20 ft (~6.1 m) deep might have been saturated near their base during
the operations period. Some of these burial grounds are located in the vicinity of boreholes where
lead is detected above background and it is possible that these burial grounds could be the deep
sources when the water table was higher during operations period.

Lead particles, which include traces of antimony and copper, could have traveled by themselves
in colloidal form through the saturated zone and then retained in sediment fines. The iron
oxyhydroxide colloids and soil mineral colloids (e.g., smectite) are also potential carriers onto
which lead particles may have attached.

During reactor operations, superheated water was discharged in the subsurface and because of
high flow rates, there is potential of colloidal transport due to formation of saturated flow
conditions locally. Thermally hot reactor effluent cooling water raised the groundwater
temperature from ~16°C to 70°C (Figure 5-5). Thermal springs were noticed at the edge of the
river having temperatures up to 74°C. Based on 1962 data, the groundwater mound was at an
elevation of about 405 ft (123.4 m) in 100-D/H Area (Figure 5-6); surface elevation is about 426
ft (130 m) in this area and the depth to the water table was about 20 ft (6.5 m), which is about the
bottom of the 